ABSTRACT Many organisms, such as insects, Þlarial nematodes, and ticks, contain heritable bacterial endosymbionts that are often closely related to transmissible tickborne pathogens. These intracellular bacteria are sometimes unique to the host species, presumably due to isolation and genetic drift. We used a polymerase chain reaction/electrospray ionization-mass spectrometry assay designed to detect a wide range of vectorborne microorganisms to characterize endosymbiont genetic signatures from Amblyomma americanum (L.), Amblyomma maculatum Koch, Dermacentor andersoni Stiles, Dermacentor occidentalis Marx, Dermacentor variabilis (Say), Ixodes scapularis Say, Ixodes pacificus Cooley & Kohls, Ixodes ricinus (L.), and Rhipicephalus sanguineus (Latreille) ticks collected at various sites and of different stages and both sexes. The assay combines the abilities to simultaneously detect pathogens and closely related endosymbionts and to identify tick species via characterization of their respective unique endosymbionts in a single test.
Heritable endosymbiotic bacteria have been identiÞed in such diverse organisms as Þlarial nematodes (Taylor et al. 2005) , sponges (Schmitt et al. 2007) , and mollusks (Newton et al. 2007 , Kuwahara et al. 2008 ), but they are perhaps best characterized in arthropods, particularly insects (Moran et al. 2008) . In insects, these endosymbionts have been broadly grouped into two classes. The Þrst consists of primary endosymbionts that reside in specialized cells, bacteriocytes, and are necessary for host reproduction (Braendle et al. 2003) . Bacteria from the second group are facultative (also called secondary) endosymbionts and not required for host survival, but they may confer beneÞts to hosts through nutrient production or environmental protection (Haynes et al. 2003) . Facultative endosymbionts are unpredictably distributed and are not required for host reproductive Þtness (Moran et al. 2008) .
The endosymbionts found in ticks (Burgdorfer et al. 1973) are frequently related to pathogenic bacterial species. Often localized to the ovaries and Malpighian tubules (Burgdorfer et al. 1973 , Noda et al. 1997 , heritable tick endosymbionts are passed to the eggs by transovarial transmission (Niebylski et al. 1997a , Lo et al. 2006 , Klyachko et al. 2007 ). These endosymbionts have not been found to be transmitted horizontally by tick bites (Niebylski et al. 1997a) . The endosymbionts in Amblyomma americanum (L.) confer a Þtness advantage to their hosts, possibly by providing them with essential nutrients .
In ticks, certain endosymbionts are characteristic for a given species of tick and are found ubiquitously, across all life stages and geographic populations, and therefore may represent primary endosymbionts. For example, Ixodes scapularis Say and Ixodes pacificus Cooley & Kohls each harbor genetically distinguishable Spotted Fever Group Rickettsia endosymbionts (Benson et al. 2004 , Moreno et al. 2006 , Steiner et al. 2008 , Phan et al. 2011 . The Ixodes ricinus (L.) endosymbiont Candidatus Midichloria mitochondrii has a unique localization to the mitochondria of I. ricinus ovarian cells (Beninati et al. 2004 , Lo et al. 2006 , Sassera et al. 2008 . Dermacentor ticks (Niebylski et al. 1997a , Sun et al. 2000 , Scoles 2004 , Goethert and Telford 2005 and Amblyomma maculatum Koch (Scoles 2004) carry Francisella-like endosymbionts, and each species of tick has an endosymbiont with a distinct sequence. Rhipicephalus sanguineus (Latreille) and A. americanum each have unique Coxiella-like endosymbionts (Noda et al. 1997 ).
In addition to primary endosymbionts that are found in all ticks of a given species, some endosymbionts have been detected at lower frequencies, are less predictably distributed, and probably represent facultative endosymbionts. For example, Dermacentor andersoni Stiles have been found to harbor Rickettsia peacockii (Niebylski et al. 1997b) , in select tick populations and Arsenophonus-type bacteria have been detected in some D. andersoni and Dermacentor variabilis (Say) populations (Grindle et al. 2003, Dergousoff and Chilton 2010) . Recent research also has indicated that some R. sanguineus harbor Arsenophonus and Rickettsia endosymbionts (Weller et al. 1998 .
We have used a broad-range polymerase chain reaction (PCR) and electrospray ionization-mass spectrometry (ESI-MS) technique to study tick endosymbionts. PCR/ESI-MS involves generation of short PCR amplicons, followed by ESI-MS to determine the mass of the amplicon. Based on the amplicon mass, the numbers of each of the four nucleotides in the amplicon, the base composition, can be calculated and compared with a database of base compositions to identify the microorganism. This technique has been used to detect and identify a broad range of vectorborne pathogens to the species level, both singularly and in mixtures. These organisms include species of Anaplasma, Babesia, Bartonella, Borrelia, Coxiella, Ehrlichia, Francisella, Flavivirus, and Rickettsia (Crowder et al. 2010a,b, 2011; Eshoo et al. 2010; Grant-Klein et al. 2010) . This same assay also has been used to detect canine heartworm infection (Dirofilaria immitis) by detection of the heartworm-speciÞc bacterial endosymbiont (Crowder et al. 2011) .
Because ticks can harbor a wide variety of human pathogens, any screening test must be able to distinguish the pathogens from their closely related endosymbionts. The ability to detect both endosymbionts and pathogens in a single test is important for the identiÞcation and conÞrmation of the vector species based on its endosymbionts. Here, we use this assay to detect and differentiate species-speciÞc tick primary endosymbionts in A. americanum, A. maculatum, D. andersoni, Dermacentor occidentalis Marx, D. variabilis, I. pacificus, I. ricinus, I . scapularis, and R. sanguineus ticks independent of collection site, stage, or sex.
Materials and Methods
Tick Specimens. Ticks were obtained from the Oklahoma State University (OSU) tick-rearing facility (Stillwater, OK) and from Þeld collections in Humboldt County and San Joaquin County, CA; Suffolk County, NY; FairÞeld County, CT; Constance, Germany; and South Bohemia, Czech Republic. D. andersoni and D. variabilis ticks were collected at several sites in the northwestern United States (see Table 3 ). Ticks were collected in the Þeld by ßagging or dragging.
Nucleic Acid Extractions. A Virus MinElute kit (QIAGEN, Valencia, CA) with modiÞcations described previously (Crowder et al. 2010b ) was used to extract RNA and DNA from ticks of all species except I. ricinus, D. andersoni, and D. variabilis. I. scapularis eggs and larvae were extracted in groups of 1Ð15; all other samples were extracted individually. Nucleic acids were extracted from I. ricinus ticks collected in Germany as published previously (Crowder et al. 2010a) . Total nucleic acids were extracted from Þeld-collected D. variabilis and D. andersoni ticks as described previously (Scoles 2004) .
Broad-Range PCR/ESI-MS. Detection of endosymbiont DNA was performed using a PCR/ESI-MS assay that consists of 10 PCR primer pairs targeting various genes and organisms (Table 1) . Primer pair BCT2328 was run either singly or in a multiplexed reaction with BCT3511, BCT3517, and INV4855. The remaining primer pairs were run in single-plex PCR reactions. Internal positive controls made from cloned synthetic DNA (BlueHeron Biotechnology, Bothell, WA) were 
included in each PCR reaction at 20 copies per reaction. The internal controls were designed to be identical to the expected amplicon for one of the primer pairs in the reaction with the exception of a 5-bp deletion to enable the control to be distinguished from the target-derived amplicon. Amplicons ranged in length from 100 to 150 bp. PCR was performed in a 50-l reaction volume containing 750 nM of each primer and 10 l of nucleic acid extract in a reaction mix as described previously (Crowder et al. 2010a) . PCR cycling conditions were the same as those reported previously (Eshoo et al. 2007 ). ESI-MS and base composition analysis were performed on a PLEX-ID or a T5000 instrument (Abbott Molecular, Des Plaines, IL) as described previously .
PCR and Sequencing the 16S rRNA Gene of Endosymbionts. A portion of the endosymbiont 16S rRNA gene from representative samples of various tick species was ampliÞed, cloned, and sequenced. Extracts from A. americanum, A. maculatum, D. andersoni, D. occidentalis, D. variabilis, D. andersoni, I . pacificus, and I. scapularis were ampliÞed with primers BCT1366 F (5Ј-TAGAACACCGATGGCGAAGGC-3Ј) and BCT1403R (5Ј-TTGACGTCATCCCCACCTTCCTC-3Ј) and the same PCR mix reported previously (Crowder et al. 2010a ). Reactions were ampliÞed on an MJ Dyad 96-well thermocycler (Bio-Rad Laboratories, Hercules, CA) with the following conditions: an initial hold of 95ЊC for 10 min, followed by 30 cycles of 95ЊC for 15 s and 66ЊC for 45 s; a Þnal extension at 72ЊC for 2 min; and an incubation at 50ЊC for A-tailing. Reactions containing the Ϸ445-bp amplicon were ligated and cloned into the pGEM-T Easy Vector System II kit (Promega, Madison, WI). Clones were screened for the desired sequence by ampliÞcation with primer pair BCT348 (F: 5Ј-TTTCGATGCAACGCGAA-GAACCT-3Ј; R: 5Ј-TACGAGCTGACGACAGC-CATG-3Ј), which targets the 16S rRNA gene, and they were analyzed using the T5000 Biosensor. Clones containing the desired base counts were Sanger sequenced at Retrogen, Inc. (San Diego, CA) by using SP6 and T7 promoter primers. For I. ricinus, an Ϸ720-bp portion of the 5Ј end of the 16S rRNA gene was ampliÞed with primers 4 F (5Ј-M13 F-TTG-GAGAGTTTGATCCTGGCTC-3Ј [Petti et al. 2008 ]; M13 F: 5Ј-CCCAGTCACGACGTTGTAAAACG-3Ј [Eshoo et al. 2007] ) and 801R (5Ј-M13R-GGCGTG-GACTTCCAGGGTATCT-3Ј [Simmon et al. 2006] ; M13R: 5Ј-AGCGGATAACAATTTCACACAGG-3Ј [Eshoo et al. 2007] ) by using Platinum Taq High Fidelity (Invitrogen, Carlsbad, CA). Platinum Taq buffer was used with 200 M of each dNTP, 2 mM MgSO 4 , and 250 nM of each primer. Reactions were cycled with the following conditions: 95ЊC for 2 min; 8 cycles of 95ЊC for 15 s, 50ЊC for 45 s (increasing 0.6ЊC per cycle), and 68ЊC for 90 s; 37 cycles of 95ЊC for 15 s, 60ЊC for 15 s, and 68ЊC for 60 s; followed by 4 min at 68ЊC. Reactions were ligated and cloned using the ZeroBlunt TOPO PCR Cloning kit (Invitrogen). Clones containing the desired sequence as shown by analysis by PCR/ESI-MS were sequenced at SeqWright (Houston, TX) by using SP6 and T7 promoter primers. Sequences were deposited in GenBank under accessions JQ031629 ÐJQ031634.
Results
Identification of Species-Specific Tick Endosymbionts by Broad-Range PCR/ESI-MS. The ability of the PCR/ESI-MS assay to detect species-speciÞc tick endosymbionts was tested using nucleic acid extracts from each of the species listed in Table 2 . Ticks were obtained either by ßagging in the Þeld or from the OSU tick-rearing facility (I. scapularis eggs and larvae and A. maculatum and R. sanguineus ticks). Adult ticks of all species were tested. For I. scapularis, all life stages were tested, and for I. ricinus both adults and nymphs were tested. For D. andersoni, D. variabilis, and I. scapularis, adults were segregated by sex and tested. The frequencies of detection were determined for each endosymbiont based on how often the endosymbiont signature was observed (Table 3) . A detection was deÞned as the detection of the endosymbiont by one or more primer pairs.
The PCR/ESI-MS assay differentiated between the endosymbionts of all ticks species tested, with the exception of the Francisella endosymbionts of D. andersoni and D. occidentalis, which share basecount signatures (Table 2) . To verify the identities of the endosymbionts, a portion of the bacterial 16S rRNA gene was sequenced for endosymbionts of several tick species in this study. For D. occidentalis, D. andersoni, D. variabilis, I . pacificus, and I. scapularis, an internal Ϸ443-bp region of the 16S rRNA gene was sequenced; for I. ricinus, the Þrst 724 bp of the 16S rRNA gene was (Table 3) . Previous studies have reported that the frequency of endosymbiont detections in I. ricinus ticks varied according to the sex (Lo et al. 2006) , and others have reported that the endosymbionts of Dermacentor ticks are restricted to adult females (Niebylski et al. 1997a) . To show that the endosymbionts we are detecting are not sex-speciÞc in D. andersoni, D. variabilis, and I. scapularis, we tested adult ticks of both sexes. Using the PCR/ESI-MS assay, the Rickettsia endosymbiont of I. scapularis was detected in 98.9% of the adult female ticks and 77.0% of the adult males (Table 3) . For the Dermacentor ticks, the endosymbionts were found in all ticks tested regardless of sex (Table 3) . Although the sex of the A. maculatum, A. americanum, D. occidentalis, I. pacificus, and R. sanguineus ticks tested was not determined before testing, detection of the endosymbiont in 75 to 100% of the ticks tested suggests that these endosymbionts are not sex-speciÞc.
Detection of the Rickettsia Endosymbiont of I. scapularis in All Developmental Stages. To show that the endosymbionts are present in all developmental stages of I. scapularis, we tested eggs, larvae, nymphs, and adult ticks. The Rickettsia endosymbiont was detected in all of the I. scapularis egg extracts tested, in 81.0% of the larval extracts, in 90.5% of the nymphal extracts, and in 88.7% of the adult extracts (Table 3) .
Simultaneous Differentiation and Detection of Endosymbionts and Pathogens by Broad-Range PCR/ ESI-MS. Endosymbionts and pathogenic bacteria can be detected simultaneously using the PCR/ESI-MS assay. For example, both Anaplasma phagocytophilum and the endosymbiont were detected in a single specimen of I. scapularis by using primer pair BCT3570, and both pathogen and species-speciÞc endosymbiont were detected in a single specimen of I. ricinus by using BCT3575 (Fig. 1A and B) . Although no Francisella tularensisÐinfected ticks were detected, we have shown using DNA from cultured F. tularensis that this pathogen can be differentiated from the related but nonpathogenic Francisella endosymbionts of D. andersoni and D. variabilis, suggesting that this pathogen and symbiont combination also could be detected simultaneously (Fig. 1CÐE) .
Discussion
The endosymbionts of ticks have been studied far less extensively than those of insects. There is a clear demarcation between those endosymbionts that are detected in all individuals of their host species and those endosymbionts found in only a subset of ticks or whose distributions are population-speciÞc, such as R. peacockii (Burgdorfer et al. 1973 , Niebylski et al. 1997a . We propose that the ubiquitous endosymbionts are probably the primary endosymbionts, whereas the more sporadically distributed species are the secondary endosymbionts as described by Moran et al. (2008) . Zhong et al. (2007) suggests that tick endosymbionts may confer a Þtness advantage to their hematophagous hosts and that the symbionts may provide them with necessary nutrients as the Wigglesworthia endosymbiont does for the tsetse ßy (Zientz et al. 2004) . Removal of the ubiquitous Coxiella-like endo- symbiont of A. americanum via antibiotic treatment resulted in decreased reproductive Þtness of the ticks ). This evidence, combined with the ubiquity of the endosymbionts, suggests that this Coxiella species is a primary endosymbiont of its host. Our Þnding of a single speciÞc endosymbiont in each species of tick listed in Table 2 regardless of gender, stage, or Þeld collection site as well as ticks reared in a sterile laboratory environment supports the hypothesis that these endosymbionts represent the species-speciÞc heritable primary tick endosymbionts.
Here, we used a PCR/ESI-MS assay designed to detect a wide range of vectorborne pathogens to identify tick species via detection of their endosymbionts. The assay was able to detect and distinguish the endosymbionts from all the ticks studied with the exception of D. andersoni and D. occidentalis, both of which have a Francisella endosymbiont that produced the same base composition signature in our assay, however; when the 17-kDa lipoprotein gene from the Francisella-like endosymbiont of these two species was sequenced, they could be clearly distinguished from one another (Scoles 2004) . Species-speciÞc endosymbionts were detected in most, if not all ticks, although the frequency of detection varied by tick species; these differences may reßect differing extraction efÞciencies or lack of sensitivity of our broadrange PCR/ESI-MS assay for certain endosymbionts rather than an absence of the endosymbiont. The Rickettsia endosymbiont of I. scapularis, for example, was less frequently detected than the I. pacificus endosymbiont by our assay. We also detected the Coxiella-like endosymbiont of A. americanum at a lower frequency than endosymbionts from other tick species, despite that others have shown it to be present in all tick stages and both sexes , Klyachko et al. 2007 ).
Endosymbionts were detected in both male and female I. scapularis, D. andersoni, and D. variabilis ticks. For the other tick species tested, the sex was not determined, but based upon our high frequencies of detection (71Ð100%) the endosymbionts were present in both sexes. Previous research has indicated that the Francisella endosymbiont of D. andersoni was restricted to females, (Niebylski et al. 1997a) , but our data demonstrate that the Francisella endosymbiont is also present in Dermacentor males. For I. scapularis, we detected the endosymbiont in nearly all the females tested (98.9%) and 77.0% of the males ticks tested. A similar sex-dependent differential was reported for the detection of the I. ricinus endosymbiont (Lo et al. 2006 ). There may be fewer endosymbiotic bacteria within the male ticks, as one of the main sites of the endosymbionts are the ovaries of female ticks (Noda et al. 1997 , Beninati et al. 2004 , Lo et al. 2006 , and this might account for the lower level of detection.
In addition to the primary tick endosymbionts, we detected secondary endosymbionts in a subset of our specimens. For example, in addition to the Francisella endosymbiont of A. maculatum described by Scoles (2004) , primer pair BCT1083 detected a second basecount signature consistent with a Spotted Fever Group Rickettsia in all ticks tested (n ϭ 20); further genetic analysis such as 16S rRNA gene sequencing is needed to conÞrm its identity. We also detected R. peacockii in 67.3% (144/214) of D. andersoni ticks from the western United States but not in laboratory-reared ticks. This Þnding is consistent with the research of Burgdorfer et al. (1981) who found a population-speciÞc pattern in R. peacockii distribution: The bacteria was detected in D. andersoni ticks from the eastern side of the Bitterroot Valley in Montana but not in those collected on the western side of the valley (Burgdorfer et al. 1981 , Niebylski et al. 1997b ). Our assay does not, however, detect some of the tickassociated microbes identiÞed in recent studies, such as Arsenophonus-type bacteria (Carpi et al. 2011 ; unlike next generation sequencing approaches, our assay uses a more targeted approach, with primers designed to broadly amplify bacterial genera containing vectorborne pathogens. That these genera also comprise the primary endosymbionts of ticks allows us to identify and distinguish both tickborne pathogens and their closely related endosymbionts.
Heritable endosymbiotic bacteria of ticks are often closely related to vectorborne pathogens such as Coxiella burnetii, F. tularensis, and Rickettsia rickettsii (Noda et al. 1997 , Weller et al. 1998 , Scoles 2004 . The PCR/ESI-MS assay used in this study can detect both endosymbiont and closely related pathogens from the same specimen in a single test. Although the assay was able to distinguish species-speciÞc endosymbionts from most ticks tested, there was one exception: The basecount signatures for the Rickettsia endosymbiont of I. scapularis obtained from both primer pairs BCT1083 and BCT3570 were identical to those of the recently identiÞed European tickborne bacteria Rickettsia monacensis (Simser et al. 2002) ; however, because I. scapularis ticks are conÞned to North America and R. monacensis has only been found in Europe, the potential for misidentiÞcation is low. Thus, this study demonstrated that the PCR/ESI-MS assay can identify and differentiate between tickborne pathogens and closely related endosymbiont species in a single test, as well as determine the species of tick based on the endosymbiont.
